Pulsed laser annealing of ion implanted silicon leads to the formation of supersaturated alloys by nonequilibrium crystal growth processes occurring at the interface during liquid phase epitaxial regrowth. The interfacial distribution coefficients from the melt (k') and the maximum substitutional solubilities (Cmax) are far greater than equilibrium values. Both k' and Cmax are functions of growth velocity. Mechanisms lim; ting substitutional solubilities are discussed.
Introduction
Extensive investigations have shown that radiation from high power lasers can be used to advantage in processing ion implanted semiconductors.1-3 By using radiation from pulsed lasers it is possible to completely anneal extended defects in ion implanted semiconductors, to 
Experimental Results
Formation of Supersaturated Alloys By Laser Annealing Figure 1 shows results for the case of Bi in Si after laser annealing. Laser annealing causes -15% of the Bi to be segregated or zone refined to the surface, but ion channeling measurements show that the Bi remaining in the bulk of the crystal is >95% substitutional even though the maximum Bi concentration in the bulk exceeds the equilibrium solubility limit by a factor of -100. This demonstrates the formation of a supersaturated solid solution during laser annealing. The solid line is a calculated profile using a value for k' of 0.4 and the fit to the data is reasonable. By contrast, the equilibrium value16 for the distribution coefficient (ko) is 7 x 10-4 and if regrowth occurred under conditions of local equilibrium at the interface, the dotted line would be the expected profile in the bulk and almost all of the Bi would be segregated to the surface. Clearly, this does not fit the experimental data. Figure 2 shows that this is the case. These results were obtained by laser annealing Si crystals implanted by 209Bi while maintaining the substrate at three different temperatures during annealing in order to vary the growth velocity. Annealing with the substrate at 650 K leads to reduced thermal gradients and a lower growth velocity (-1.5 m/sec). At temperatures of 100 K the thermal gradients are steeper and the growth velocity is larger (-6.0 m/sec). Figure 2 shows that at high substrate temperatures (low growth velocity) a large fraction of the implanted Bi (-55%) is segregated to the surface during laser annealing. The distribution coefficient under these conditions is -0.1. At low substrate temperatures (high growth velocity), only -5% of the Bi is segregated to the surface and the distribution coefficient is -0.5. These results demonstrate that as the growth velocity is decreased, more of the Bi is segregated to the surface, with a corresponding reduction in the value for k'.
Maximum Substitutional Solubilities
For each dopant, there is a maximum concentration which can be incorporated substitutionally into the lattice during laser annealing.9 This is illustrated in Fig. 3 for the case of In implanted into silicon, where we plot the total dopant concentration and the substitutional concentration as functions of depth after laser annealing. In Fig. 3 , up to a concentration of -1.5 x 1020/cm3 the dopant is highly substitutional in the lattice, but in the near surface region where the total dopant concentration rises pulse duration time, growth velocity -4.5 m/sec). To reduce lattice strain and to increase the incorporated B concentration, it would be necessary to simultaneously incorporate a dopant which is known to give rise to a lattice expansion, possibly Ga. The second mechanism limiting substitutional solubility during laser annealing is the interfacial instability during regrowth which leads to lateral segregation of rejected dopant and the formation of a well defined cell structure in the hear surface region after annealing.11 This mechanism dominates for the case of Ga and In and probably Bi. An example of the cell structure is shown in the TEM micrograph of Fig. 3 for In implanted Si. After laser annealing the TEM micrograph shows the presence of a well defined cell structure in the near surface region. The interior of each cell is a defect-free epitaxial column of silicon extending to the surface. Trapped substitutionally within the lattice of these columns is the substitutional In in the near surface region. Surrounding each column of silicon is a thin cell wall (-50 A wide) containing large concentrations of segregated In. The cell walls penetrate to a depth of -1000 A and contain the nonsubstitutional In in the near surface region. Diffraction patterns from this crystal contain weak extra spots which arise from crystalline In in the cell walls. This demonstrates nucleation of the second phase during laser annealing.
The interfacial instability which leads to the formation of a well defined cell structure is due to constitutional supercooling at the liquid-solid interface during regrowth.11 This is a well recognized and long studied phenomena in normal crystal growth from the liquid.21 In laser annealing, effects due to constitutional supercooling are observed on a much finer scale due to the high velocity of the liquidsolid interface.
Constitutional supercooling arises due to the pile up of segregated dopant at the interface.
The concentration gradient of rejected dopant in the liquid leads to a gradient of the freezing temperature of the liquid in front of the interface. If the actual temperature gradient in the liquid is less than the gradient of the freezing temperature, then a region in front of the interface will be supercooled since the actual temperature is less than the liquidius temperature. Under these conditions, a perturbation on a planar interface can become unstable and grow, leading to lateral segregation of dopant and the formation of a cell structure. To delay the onset of interfacial instability and increase the maximum substitutional solubility, it would be necessary to increase the thermal gradient in the liquid. This would require higher growth velocities.
The third mechanism limiting substitutional solubility is the fundamental thermodynamic limit for solute trapping. Predictions of this limit have been made by Cahn et al.14 On a plot of the Gibbs Free Energy as a function of composition (at fixed temperature) the solid and liquid lines intersect at one point which provides an upper limit for the solid composition which can form from the liquid at any composition. Plotting the locus of these points at different temperatures on the equilibrium phase diagram (schematically illustrated in Fig. 5 ) determines the To curve,14 which is the maximum solidus composition which can be formed from the liquid, even at infinite growth velocity. For retrograde systems, In pulsed laser annealing of ion implanted silicon, Group III and V dopants are trapped into substitutional lattice sites at concentrations that can be significantly greater than equilibrium solubility limits. Values for k' and cmax far exceed corresponding equilibrium values. Both k' and cmax are found to be functions of growth velocity.
For most dopants, substitutional solubility is limited by interfacial instability during regrowth or by lattice strain. For As in Si, the thermodynamic limit to dopant incorporation may have been reached.
